Diatom, geochemical and isotopic data provide a record of environmental change in Laguna La Gaiba, lowland Bolivia, over the last ca. 25,000 years. High-resolution diatom analysis around the last glacial -interglacial transition provides new insights into this period of change. The full and late glacial lake was generally quite shallow, but with evidence of periodic flooding. At about 13,100 cal a BP, just prior to the start of the Younger Dryas chronozone, the diatoms indicate shallower water conditions, but there is a marked change at about 12,200 cal a BP indicating the onset of a period of high variability, with rising water levels punctuated by periodic drying. From ca. 11,800 to 10,000 cal a BP stable, deeper water conditions persisted. There is clear evidence for drying in the early to mid Holocene, but not as pronounced as that reported from elsewhere in the southern hemisphere tropics of South America. This was followed by the onset of wetter conditions in the late Holocene consistent with insolation forcing. Conditions very similar to present were 2 established about 2,100 cal a BP. A complex response to both insolation forcing and millennial scale events originating in the North Atlantic is noted.
Introduction
The environmental history of the southern hemisphere tropics of South America has become the focus of increasing interest, particularly the glacial precipitation regime of the tropical lowlands and its variability across the last glacial-interglacial transition.
To date, the majority of lake studies from the region have focused on pollen and geochemical records, with limited use of diatoms as indicators of past change (Colinvaux et al., 2000; Mayle et al., 2000; Cordeiro et al., 2011; D'Apolito et al., 2013) . In 2011 Whitney et al. published a 45,000 year palaeoclimatic record from Laguna La Gaiba in the Pantanal wetlands, based largely on the pollen record. Here we present an environmental reconstruction based on the diatom record (changes in water balance and water chemistry), complemented by geochemical and carbon isotopic data from the same core. Diatom analysis has been carried out at high resolution (every 50 -100 years) through the Younger Dryas chronozone (ca. 12,900 to 11,700 cal a BP, Rasmussen et al., 2006) to provide new insights into the nature of the last glacial -interglacial transition (LGIT) and the associated high frequency climate fluctuations. Most existing lake records do not have the resolution necessary to explore this important interval, so our new data make an important contribution to understanding the expression of climate variability in the interior of tropical South America.
Study site
Laguna La Gaiba (17 o 45'S, 57 o 35'W) is a large lake in the Pantanal wetlands, in the upper basin of the Paraguay River (McGlue et al., 2011) (Fig. 1) . The Pantanal is the world's largest freshwater wetland and at maximum inundation, covers more than 130,000 km 2 . It contains thousands of lakes, the majority of which are ephemeral, but La Gaiba is one of a series of permanent lakes on the western margin of the Pantanal, along the Paraguay River lying within the Serra do Amolar (McGlue et al., water depth varies between 4 and 6 m (Whitney et al., 2011) . It receives surface inflow from the north west (from the Laguna Uberaba via the Corixo Grande) and west and drains to the north east over a sill into the Paraguay River, linking the lake with the Pantanal wetlands. The basin itself is divided into a shallow, northern subbasin (< 3 m deep) and a deeper southern sub-basin (up to 6 m deep) (Whitney et al., 2011) . The northern basin is bounded by extensive areas of aquatic vegetation (grasses and water hyacinths), while the southern part is more confined, less vegetated and bounded by hills. There is a narrow fringe of evergreen floodplain forest along the southern margin of the south basin, beyond which palm swamp occupies the low-lying terrain south of the lake. The lake water is dilute (EC 60 to 83 μS cm -1 ), slightly alkaline (pH 7.7. to 8.6) and of Ca/Mg HCO 3 composition (Fitzpatrick unpublished data; McGlue et al., 2011) .
The hydrology of the basin (and the wetlands in general) is controlled by the flood cycle of the Paraguay River, driven by convective precipitation during the austral summer (October to April) associated with the South American Summer Monsoon (SASM) (Zhou and Lau, 1998) . Moisture is also brought into the Pantanal from the Amazon basin by the South American Low level jet ( Fig. 1 ) which forms in response to development of the Chaco low (Garreaud et al., 2009) . Precipitation varies from about 1700 mm per year in the north of the Pantanal to 1000 mm in the south, 70% of this falls in the summer (November to March). There is a delay between peak summer rainfall and peak water levels in the Pantanal (when the Paraguay River and its associated lakes overflow), which increases from north to south across the wetlands. In the central wetlands (including La Gaiba) this delay is several months (Alho, 2005; McGlue et al., 2012) . Studies of precipitation, discharge in the Paraguay River and inundation area of the wetlands (Hamilton, 2002; Alho, 2005) have confirmed that there is a clear relationship between precipitation amount (monsoon strength) and water levels in the Pantanal wetlands and lakes, hence lake level variations in La Gaiba can be taken as being indicative of broad scale precipitation changes associated with changes in the SASM.
Methods
basin of Laguna La Gaiba using a 'Colinvaux-Vohnout' drop-hammer modified Livingstone piston corer and a Perspex tube and piston (for the soft surface sediments). Parallel, overlapping cores were collected using the Livingstone corer, which were cross correlated using magnetic susceptibility and pollen analysis. The surface core was correlated with the top of the Livingstone sequence based on losson-ignition (at 550 o C). The final composite sequence was 560 cm long. Dating control is based on a total of 19 14 C AMS dates (mainly on terrestrial plant macrofossils, see Table 1 ), of which one Pleistocene date was rejected as being anomalously young (details in Whitney et al., 2011) . The dates were calibrated using the Fairbanks radiocarbon calibration program (Fairbanks et al., 2005) and indicate that the core sequence provides a record of the last ~ 42,000 cal a BP.
The core has been analysed for a range of physical, chemical (including isotopic) and biological (pollen and spores, diatoms) parameters to help to provide a multidimensional picture of change in this part of the Pantanal over the late Pleistocene and Holocene. Magnetic susceptibility (χ) was measured at 2 cm intervals on the Livingstone cores using a Bartington Instruments loop system (in SI units).
Unfortunately, the unconsolidated nature of the surface sediment core meant that it was unsuitable to run through the loop. Particle size analysis of 2 cm-thick slices at ca. 10 cm intervals was carried out on 33 samples using a Coulter LS230 particle size analyser, following air drying, sieving, crushing and treatment with dilute HCl and HNO 3 to remove carbonate and organic matter, respectively. Calgon was added to the samples as a dispersal agent prior to analysis. Both χ and particle size analyses can help to identify periods of catchment disturbance and inwash.
LOI at 550
o and 1000 o C of 1-cm thick slices was determined at 2 cm intervals on both the Livingstone and surface sediment cores. Results are expressed as % C and % carbonate respectively.
Percent total organic carbon (%TOC), C:N and 
13
C analyses were performed at Swansea University to help identify potential sources of organic matter. An aliquot of the dried core material (ca.1 cm 3 ) was gently crushed and washed with an excess of 5% HCl to remove carbonates, rinsed with deionised water to remove any residual
HCl and dried at 60°C for 48 hours. Stable carbon isotope analyses and C:N ratios were measured using a PDZ Europa ANCA GSL Elemental Analyser coupled with a 20/20 isotope ratio mass spectrometer. Samples of the dried sediment were weighed into tin foil capsules and combusted over chrome oxide in helium with excess oxygen at 1000°C. The resulting gases were reacted over hot copper (600°C) to reduce oxides of nitrogen and the resulting CO 2 and N 2 resolved gas chromatographically.
Elemental composition and C:N ratios were calculated based upon peak areas relative to standard reference materials acetanilide and atropine. For stable carbon isotope analysis, samples yielding peak values equivalent to between 100-150 µg of carbon were weighed into tin capsules and combusted on-line as described above.
The isotopic ratio of the resulting carbon dioxide gas was reported as per mille (‰) deviations from the VPDB standard. Whitney et al., 2011) .
The stratigraphic plots of the diatom data were made using C2 (Juggins, 2003) ; only diatom taxa present at >1% in three or more of the samples, were included.
Zonation was carried out using Psimpoll and 'optimal splitting by information content' (Bennett, 2007) . Based on this, 6 diatom zones (DZ) were identified in the part of the core dating between ca. 25,000 cal a BP and present. Prior to this, no countable diatoms were preserved. Diatoms were also grouped by ecological preference (e.g.
planktonic, facultatively planktonic/littoral, aerophilous) based mainly on information in regional floras (see above) and the modern diatom samples from the lake (see Table 2 ).
DCA (detrended correspondence analysis) was performed on the diatom assemblage data (all taxa present in at least three samples) from the core using the VEGAN package in the program R (R Development Core Team, 2007) . This was applied to help identify patterns of community variation through time.
Results and Interpretation: stratigraphy, diatoms and sediment chemistry
The core stratigraphy shows a predominance of clays, mixed with charcoal and wood fragments toward the base of the sequence, between about 30,000 and 24,000 cal a BP, and between about 21,000 and 16,000 cal a BP. The latter period also has sand in the matrix. The last glacial -interglacial transition (LGIT, ca. 16,000
-11,000 cal a BP) shows a mixture of clays and organic matter, while the Holocene part of the core is notable for its higher organic content (Fig. 2) . The trend of increasing organic matter is clearly reflected by LOI at 550 o C and by TOC, which reaches nearly 10% in the mid Holocene. Over the full core, the average value of Initial diatom sampling showed that prior to ca. 25,000 cal a BP, diatoms were either absent or too poorly preserved to be counted. As a result, the study was focused on the more recent part of the core (top 2.5 m). In the rest of this section, the part of the La Gaiba sequence with diatom preservation (i.e. younger than ca. 25,000 cal a BP)
is discussed. The following section then puts these results into the context of the full core record (extending to ca. 45,000 cal a BP), including the previously published pollen data.
Horizons > 25,000 cal a BP, no preserved diatoms: The full diatom record from the La Gaiba core is shown in Figure 3a and the results of a DCA of these data in Figure   4 . As mentioned above, diatoms were only preserved in sediments younger than 25,000 cal a BP; a few valves are present in older sediments, but are too sparse and poorly preserved to be identified securely and interpreted. Just prior to the start of the diatom record, higher magnetic susceptibility (χ) and Fe/K indicates increased catchment inputs between about 30,000 and 24,000, although C/N values and δ 
distans). It should be noted that Staurosira and
Staurosirella were all formerly part of the genus Fragilaria, and were referred to as such in Whitney et al. (2011) . The most abundant taxa in these assemblages have been classified as facultatively planktonic/littoral, based on both published ecological records (e.g. Kilham and Kilham, 1975; Gasse, 1986) and their presence in the modern surface sediments (although A. granulata var. valida was only recorded in small amounts in these, see Whitney et al., 2011) . The A. granulata complex has been described as a cosmopolitan freshwater group, which is common in shallow lakes, the margins of large lakes and in rivers (Stone et al., 2011) . Based on samples from East Africa, Gasse (1986) reports A granulata var. valida as occurring in alkaline lakes of relatively high pH (> 8.5), although it was only found in low percentages (< 5%) in the modern sediment samples at Laguna la Gaiba. The highest percentages of A. ambigua var. robusta in the modern samples (up to 60%)
were collected from water depths of between 2 and 5.5 m, in both the north and south basins. Staurosira species were not common in the modern sediments, occurring mainly in the shallower water of the north basin. As S. construens is a major component of the diatom assemblages in this zone, especially between about 18,000 and 14,000 cal a BP, its ecological interpretation is important. It was not abundant in the modern surface sediment samples at LAGUNA LA GAIBA and does not appear to be that common in South American records, although Haberzettl et al. (2005) interpret it as littoral in their Patagonian record. Gasse (1986) based on modern samples from East Africa describes it as being common in the shallow areas of lakes and swamps of medium pH (> 7) and alkalinity. The limited numbers of A.
granulata var. valida were also present in the north basin, indicating that it may be facultatively planktonic here. The overall dominance of Staurosira spp. (often more than 60%) probably indicates relatively shallow water, with the more heavily silicified Aulacoseira valves being kept in the water column by mixing. It is interesting to note that today, during the austral winter, high winds that accompany cold polar fronts from the southern high latitudes (locally known as 'surazos'), mix the shallow Laguna La Gaiba. We can speculate that these may have been more common during the last glacial, a suggestion also made by Bush and Silman (2004) and Cruz et al. (2006) .
The pH and conductivity of the lake may have been higher from 24,500 to 13,100 cal a BP compared with the modern Laguna La Gaiba. Abundant A. granulata and A.
distans have been reported from the south Pantanal floodplain and the Parana River during post-flood periods when water levels were falling (Train and Rodriques, 1998; de Oliveira and Colheiros, 2000) , so periodic flooding may be indicated here.
Although the interval between 21,000 and 16,000 cal a BP has a higher visible sand content than the earlier parts of the core, there is a more muted response in χ.
Between 16,000 and 13,000 cal a BP, there is one marked peak in LOI ( lancettula) becoming more abundant and a peak in A. distans (>20%). A. distans was reasonably common in modern surface sediment samples (see Whitney et al., 2011) , being most abundant in samples near the junction of the northern and southern sub-basins and at more marginal sites in the southern sub-basin. A. distans was reported from Lake Fuquene (Colombia) in water 2 -5 m deep (Velez et al., 2003) and from rivers in the state of Parana in Brazil (Dunck et al. 2012) . It is described by Gasse (1986) as being littoral, sometimes aerophilous. The presence of this taxon therefore probably indicates shallower water than the other species of Aulacoseira. The DCA of the core samples clearly places all the assemblages from DZ1 and DZ2 towards one end of axis 1, with no overlap with the assemblages recorded over the last 10,000 years. It is notable that although DZ2 corresponds in time to the early part of the YD chronozone, there is only a muted response recorded by the diatoms. At ca. 13,100 cal a BP there is a further peak in χ and wood fragments are present. These may reflect events associated with the onset of climate change associated with the YD, only some of which persisted through time.
Overall, the period from about 24,500 to 12,200 cal a BP appears to reflect a generally shallow lake with periodic flooding. This flooding and the associated catchment disturbance may have been most intense prior to about 24,000 and just after the last global glacial maximum (20,000 to 16,000). The relative decline in A.
ambigua and increase in Staurosira spp. probably indicate that during the period after the LGM the water level was lower than before. This shallowing trend seems to continue into DZ2, with subtle changes in species composition, such as greater abundance of Staurosirella.
Diatom Zone 3; The period from 12,200 to 11,800 cal a BP is marked by an abrupt change in the diatom assemblage, with A. ambigua becoming dominant (up to 90%) (Fig. 3a) . This marked shift (ca. 12,200 -11,800 cal a BP) coincides with the later part of the YD chronozone and indicates a more profound change in regime than earlier in the YD interval. The detailed diatom record from the period encompassing the last glacial-interglacial transition is illustrated in Figure 3b . A. ambigua is a planktonic taxon and was moderately abundant in surface sediment samples from the modern lake; it was most abundant at the core site, where it formed 60% of the surface sediment assemblage (Whitney et al., 2011) . Gasse (1986) reports this species as being most abundant in lakes of pH 6.5 -8 and EC 70 -400 µS cm -1 , very like the modern La Gaiba. This seems to indicate that the lake became fresher, as well as deeper, compared with DZ1 and DZ2. In the modern samples, the distribution of A. ambigua was most strongly associated with water depth, confirming this interpretation of increasing water depth. It is also possible, however, that a reduction in nutrient availability drove a change in the dominant Aulacoseira species, away from the coarse-pored form (A. granulata var. valida) (Kilham et al., 1986) . A.
ambigua has high light requirements, so less turbid conditions are indicated. It is interesting to note that over the same interval as these very high percentages of a planktonic diatom, there are also peaks in aerophilous taxa (Eunotia camelus and Diadesmis confervacea) (Velez et al., 2006) . Diadesmis confervacea peaks at 12,300 cal a BP at the transition of DZ2 to DZ3, and Eunotia camelus increasing up to 27% around 12,000 cal a BP. A seasonally dynamic environment may be indicated. A. italica makes its first notable appearance in this zone (up to 14 %).
This species was not found in either sediment or water samples from the modern Laguna La Gaiba and also appears to be quite rare in South American records. Velez et al. (2005a) report it from Colombia as occurring in very shallow water, with occasional desiccation. Gasse (1986) and Germain (1980) both record it as a littoral form. Taken together, these indicators may suggest that the later YD interval was a period of rapid change with strong flooding episodes (deep water) and erosion, punctuated by brief (possibly seasonal) dry periods. The mix of planktonic and littoral/aerophilous taxa might reflect the flooding of previously dry areas around the lake as the water level rose, stronger seasonality or a change in seasonality so that the offset between rainfall peak and inundation peak was reduced leading to drier conditions in the dry season than occurs today .
Diatom Zone 4; The transition into the Holocene (DZ4, ca. 11,800 to 10,000 cal a BP) is marked by another abrupt change in diatom assemblage, with A. granulata var. valida and A. ambigua var. robusta, both important in the glacial sediments, dominating (Fig. 3a) . A difference between DZ4 and DZ1 and DZ2 is the absence of Staurosira and Staurosirella species. In spite of this difference, the overall similarity to a glacial type assemblage is illustrated by their overlapping position on axis 1 of the DCA (Fig. 4) Over the period represented by DZ3 and DZ4, δ 13 C moves abruptly to higher values (ca. -24‰) (Fig. 2 ) and these persist through much of the Holocene. There is also a small peak in Rb/K (Fig. 2) which may reflect higher levels of chemical weathering, although this trend started in the late glacial and may reflect warming.
most distinct in the entire sequence, being the first split in the zonation; the diatom DCA also clearly isolates the samples from 10,000 cal a BP on from the full glacial samples (Fig. 4) . DZ5 covers the whole period from 10,000 cal a BP to ca. 2,100 cal a BP, with a flora dominated (> 60%) by A. ambigua (as the YD), accompanied by A.
italica and forms of Staurosira. Unlike the glacial part of the core, Staurosira spp.
are relatively uncommon. The DCA shows some overlap between this assemblage and that in DZ3, although the trend through DZ5 and into DZ6 separates the assemblage more distinctly from DZ3 along axis 2 (Fig. 4) . A. ambigua were present (but rarely dominant) in the modern sediment samples, but its variety robusta were often dominant (see above and Whitney et al., 2011) . A. italica returns to levels at, or above, those in DZ3, peaking towards the top of this zone at 47%. Between about 9000 and 5000 BP there are small peaks in aerophilous ( e.g. Diadesmis confervacea) and benthic taxa (e.g. Navicula and Craticula spp.). Small peaks in S.
construens and S. lapponica f. lanceolata also occur. Both these taxa were present, but rare, in modern surface samples, being found mainly in sites in the shallower northern sub-basin. Overall, rather variable conditions are indicated, perhaps with distinct seasonal drying and fall in water levels. The period between about 5000 and 2100 BP was particularly stable in respect of the diatom flora, which reflects deep water conditions.
Although the core stratigraphy indicates little or no visible change over this period Holocene. Concurrent with these indicators, peaks in both particle size and in magnetic susceptibility (χ) may reflect periods of high variability with increased inwash from the catchment, perhaps associated with flood pulses. Hamilton et al. (1997) suggest that organic matter (OM) in the Pantanal wetlands may be derived from flood events and it is notable that %TOC in our La Gaiba core also peaks in this period (see Fig. 2 ).
Diatom zone 6; At the top of the core (the last 2,100 years), the diatom assemblages are dominated by A. ambigua (> 60%), A. granulata (up to 20%) and A. ambigua var.
robusta. The shift in Aulacoseira spp. probably reflects a return to more turbid (low light) conditions and increased nutrient levels (Kilham et al. 1986) . A. granulata has been recorded in percentages similar to those found here in shallow lakes in Colombia (Velez et al., 2005a and b) , but is also reported as being very common in 
Comparison with other published La Gaiba records
This reconstruction of the last ca. 25,000 years needs to be put into the wider context of the full core record, especially that provided by pollen (Whitney et al., 2011) , the alga Pediastrum (Whitney and Mayle, 2012) and an independent Holocene record from the same lake (McGlue et al., 2012) .
Zonation of the pollen record (Whitney et al., 2011) Peaks in Fe, Al, Mn and Fe/K from XRF analysis support this interpretation (Fig. 2) , as do the slightly higher C/N and higher δ temperature. The diatom record indicates shallower water after the LGM than before, which may be a response to increasing evaporation over this period (although not enough to affect water chemistry significantly). The effects of postglacial warming may also be seen in the increasing values of Rb/K, possibly as weathering increased. Overall, however, the diatom and pollen records are consistent. In contrast to the pollen record, there is a change in the diatoms at ca.
13,100 cal a BP (just prior to the start of the YD) when conditions shallower than previously are indicated. This is different from the previously published coarser resolution diatom analysis (using the pollen zones) that suggested water levels may have started to rise from 12,800 (see Whitney et al., 2011) .
As described above, the change in Laguna La Gaiba at around 12,200 cal a BP is clear in both the pollen and diatom records (Fig. 5) , when rising water levels apparently eliminated the floodplain forest due to permanent inundation of low-lying habitat around the lake shore. Peaks in aerophilous diatom taxa within a period otherwise dominated by the planktonic A. ambigua, may indicate more variability in the inundated area over the period up to ca. 11,800 BP (DZ3) than is suggested by the pollen data and may be reflected by the spike in LOI at 550 o C (Fig. 2) . More stable, deeper water conditions are then indicated in DZ4 and apparently also recorded by Pediastrum species (Whitney and Mayle, 2012) . After 12,000 cal a BP, there is a return to higher values of δ
13
C organic that persisted into the late Holocene.
An expansion of C4 terrestrial vegetation is probably not the explanation for this (see Whitney et al., 2011) so it may reflect high algal productivity or an expansion of C4 aquatic Poaceae. There is no major change in C/N that might help to shed further light on this.
The change at 10,000 cal a BP is more pronounced in the diatom record than the pollen record. In the early to mid Holocene (ca. 10,000 to 6,400 cal a BP), the pollen record has been interpreted as recording a drier, more seasonal precipitation regime, with the expansion of drought adapted SDTF. This is entirely consistent with diatom and sediment chemistry data for this period and with changes in the species of Pediastrum found in the core. It is also consistent with the reconstruction of McGlue et al. (2012) for the period between 9000 and 6200 cal a BP, although we see no evidence for their proposed mid Holocene (6200 to 5300 cal a BP) lake expansion.
There is no evidence in our record for the major drought and possible desiccation of Laguna la Gaiba in the later Holocene (5300 to 2600 cal a BP), when the diatom record shows stable, deeper water conditions and the Pediastrum record also indicates wetter conditions after about 4000 cal a BP. The occurrence of modern conditions over the last ca. 2000 years is consistent across the records. Although it is interesting to speculate that the occupation of basin shorelines (indicated by the presence of ceramics and stone carvings) as reported by McGlue et al. (2012) might help to explain the changes in diatoms at the very top of the core as additional nutrients entered the system, no maize or other cultivated plant pollen has been found in these sediments to support this contention.
Discussion
The diatom and sediment chemistry records from a core from Laguna La Gaiba offer new insights in system change over the late Pleistocene and Holocene, particularly the LGIT. This record is generally consistent with that based on the pollen record and the palaeoclimatic conclusions drawn by Whitney et al. (2011) Basin. In a record from the Amazon Fan Maslin et al. (2000) also report a dry YD, but with a short lived major peak in Amazon discharge around 11,400 BP, which the authors associate with Termination 1B. In contrast, the Botuvera stalagmite record and lake records from the Bolivian Altiplano (Baker et al., 2001) show wet conditions. Ledru et al. (2006) suggest that the apparent contrast in conditions in north east Brazil between inland and northern locations (dry YD) and coastal locations (wet YD) might reflect a greater influence of winter precipitation along the coast. This, however, seems a very unlikely explanation for wet conditions in the Bolivian Altiplano. Another explanation may be a difference between regions more directly affected by the ITCZ (e.g. north east Brazil) and areas where convection (more monsoon-type) dominates (Garreaud et al., 2009) . Such an explanation might also explain the contrast in full glacial conditions between Laguna la Gaiba and NE and SE Brazil noted by Whitney et al. (2011) . A similar mechanism has been suggested by Bush and Silman (2004) . Again, it is difficult to place the Altiplano sites into this framework as convection over Amazonia is usually identified as the main moisture source for this area, although Vizy and Cook (2007) 
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; Burbridge et al., 2004) and SDTF (Taylor et al., 2010) in more southerly locations and wetter conditions recorded by speleothems east and west of Amazonia (Wang et al., 2006; Mosblech et al., 2012) . Open circles indicate taxa of minor significance. 
